Abstract. The N-myc downstream regulated gene 1 (NDRG1)/Cap43 is closely associated with cell differentiation, and its expression is induced by hypoxia and increasing intracellular calcium levels. Whether the NDRG1/ Cap43 expression in cancer cells is a predictive marker of good or poor prognosis in patients, depends upon tumor types and differentiation status. In this study, we examined whether the NDRG1/Cap43 expression was involved in the differentiation of osteosarcoma cells, using three osteosarcoma cell lines, MG63, U2OS and SaOS2. The NDRG1/Cap43 expression in MG63 and U2OS was significantly enhanced by vitamin D 3 , which also induced the production of osteocalcin, a differentiation marker of osteoblasts. The knockdown of NDRG1/Cap43 using small interfering RNA also suppressed the production of osteocalcin and enhanced cell proliferation, accompanied by the suppression of p21 expression. Furthermore, the acquired invasiveness of osteosarcoma cells during the invasion in Matrigel resulted in the decreased expression of NDRG1/Cap43. On the basis of these results, our proposed role for NDRG1/Cap43 would be in the capacity of differentiation and invasion in osteosarcoma cells.
Introduction
The N-myc downstream regulated gene 1 (NDRG1)/Cap43 gene, also known as Ndrg-1 (1), Drg-1 (2), RTP (3), and RIT42 (4), was isolated using the differential display technique, as was done previously with the gene induced by nickel compounds in human bronchoalveolar epithelial cells (5) . This gene expresses a 3.0-kb mRNA encoding a 43-kDa protein. The NDRG1/Cap43 protein possesses three unique 10-amino-acid tandem repeats at the COOH-terminal end. Analysis of the amino acid sequence predicted that the protein contains seven or more phosphorylation sites and that it is phosphorylated by protein kinase A (6) . Many factors and chemical agents control the expression of NDRG1/ Cap43. The expression of NDRG1/Cap43 is repressed by c-myc and N-myc/Max complex in vitro (1) . p53 induces the expression and nuclear translocation of NDRG1/Cap43 in response to DNA-damaging agents (4) . In addition, NDRG1/ Cap43 is up-regulated by androgens (7) and various chemical agents including homocysteine and nickel compounds. The NDRG1/Cap43 expression is mostly observed in epithelial cells (8) . NDRG1/Cap43 is also an essential factor for the maintenance of myelin sheaths in peripheral nerves (9) . In particular, NDRG1/Cap43 is associated with the terminal differentiation of Schwann cells during nerve regeneration (10) , and also with the differentiation of the kidney and brain (11) . NDRG1/Cap43 is expressed at lower levels in tumor cells including prostate, breast and colorectal cancers than in normal tissue (2, 4, 12) , and can suppress metastasis by inducing cell differentiation and reversing the metastatic phenotype (13, 14) . However, NDRG1/Cap43 is highly expressed in certain tumors, such as hepatocellular and colorectal carcinoma (15, 16) . The NDRG1/Cap43 expression is positively associated with tumor angiogenesis in cervical adenocarcinoma (17) . The positive or negative association between NDRG1/Cap43 and tumor angiogenesis depends upon tumor types and differentiation status (18) . Although there is certain evidence that NDRG1/Cap43 is involved in cell differentiation and in the metastasis of cancer cells, little is known about the relationship between the NDRG1/Cap43 expression and the differentiation of mesenchymal cells.
Vitamin D 3 can induce normal and leukemic hematopoietic cells to differentiate into cells with mature monocyte/ macrophage phenotypes, and can also induce a block in cell proliferation (19, 20) . Vitamin D3 also affects cell differentiation in other cell types, including poorly differentiated (24) .
In the present study, we first examined whether NDRG1/ Cap43 could play a critical role in cell differentiation in osteosarcoma cells treated with vitamin D 3 . On the basis of our results, using small interfering RNA (siRNA) against human NDRG1/Cap43, we showed how NDRG1/Cap43 plays a role in cell differentiation and invasion by osteosarcoma cells.
Materials and methods
Cell culture and treatment. The human osteosarcoma cells, MG63, SaOS2 and U2OS, were used in this study. The cells were incubated in Dulbecco's modified Eagle's medium (DMEM) (Nissui, Japan) supplemented with 10% (v/v) fetal calf serum (FCS) (Bioserum, Victoria, Australia), 100 units/ml penicillin, and 10 mg/ml streptomycin (Gibco/Life Technologies, Gettysburg, MD, USA).
In vitro cell proliferation assay. The cells were seeded into a 96-well culture plate (1x10 4 cells/well) and incubated for one day in a medium containing 0.1 % FCS and indicated concentrations of vitamin D 3 . Cell proliferation was analyzed using a 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) assay. In order to estimate the influence of the NDRG1/Cap43 knockdown on cell proliferation in the U2OS cells, the cells (5x10 3 /well) were plated in 6-well plates in a medium supplemented with 10% serum. The cells were trypsinized and counted at 0, 1, 3 and 5 days with a coulter counter (Beckman Coulter, Miami, FL).
Production of osteocalcin by osteosarcoma cells.
For the measurement of osteocalcin, the cells were seeded in a 6-well culture plate and cultured to 70% confluence. The cells were washed three times with phosphate buffered saline (PBS) and incubated in serum-free medium for 24 h before the experiment. The cells were incubated for 36 h in a medium containing 0.1% FCS and indicated concentrations of vitamin D 3 . After the treatment, the medium was collected for the measurement of osteocalcin. This was performed using an Osteocalcin EIA kit (Takara, Japan).
NDRG1/Cap43 siRNA expression vector construction and establishment of NDRG1/Cap43 siRNA expressing cells. The pcDNA3_GFP_hU6 siRNA expression plasmid was kindly provided by Dr H. Izumi (University of Occupational and Environmental Health, Kitakyushu, Japan). In order to obtain the pcDNA3_GFP_hU6/Cap43 siRNA expression plasmid, the following double-stranded oligonucleotides were inserted into the pcDNA3_GFP_hU6 siRNA expression plasmid (Invitrogen, San Diego, CA) designed for BamHI and HindIII. The NDRG1/Cap43 siRNA oligonucleotides were as follows: sense, 5'-GATCCGCGTGAACCCTTGTGCGGAA TTCAAGAGATTCCGCACAAGGGTTCACGTTTT TTGGAAA-3'; and antisense, 5'-AGCTTTTCCAAAAAAC GTGAACCCTTGTGCGGAATCTCTTGAATTCCGCA CAAGGGTTCACGCG-3' (Invitrogen). The Cells were transfected with the pcDNA3_GFP_hU6/Cap43 siRNA expression plasmid (NDRG1/Cap43 siRNA) or the pcDNA3_GFP_hU6 siRNA expression plasmid (mock) using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol.
Western blot analysis. The cells were washed with ice-cold PBS, scraped from the plates, lysed, and harvested on ice in RIPA buffer supplemented with PMSF, protease inhibitor cock-tail and sodium orthovanadate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The homogenates were clarified by centrifugation at 15,000 x g for 15 min at 4˚C, and the supernatant was collected. The proteins were separated using SDS-PAGE, loading 50 μg aliquots of protein into each well, and transferred to Immobilon membranes (Millipore, Bedford, MA). After the transfer, the blots were incubated with blocking solution and probed with antibodies. The antibodies used were the following: Rabbit polyclonal antibody directed against NDRG1/Cap43, mouse monoclonal anti-p21 Waf1/ Cip1 (DCS60) antibody (Cell Signaling Technology, Beverly, MA), and mouse monoclonal anti-GAPDH antibody (SigmaAldrich, St. Louis, MO).
Statistical analysis. The significance of the differences in cell proliferation and the production of osteocalcin was estimated using the unpaired Student's t-test. The results were recognized as statistically significant at a probability value of p<0.05. 3 on cell differentiation, cell proliferation and NDRG1/Cap43 expression. We first examined whether vitamin D 3 could induce cell differentiation in three osteosarcoma cell lines, MG63, U2OS and SaOS2. The secretion of osteocalcin is a representative biomarker of cell differentiation in osteoblasts. Osteocalcin was increased in a dosedependent manner by vitamin D 3 in MG63 and U2OS, but not in SaOS2 (Fig. 1) . There was an ~2-fold and 4-fold increase in the production of osteocalcin by vitamin D 3 in MG63 and U2OS, respectively. In all three cell lines, cell proliferation was not affected after exposure to vitamin D 3 (Fig. 2) . -7 mol/l) for 36 h, and the conditioned medium was then collected. The measurement of osteocalcin was performed using an Osteocalcin EIA kit.
Results

Effects of vitamin D
Western blot analysis showed the expression of NDRG1/ Cap43 in MG63, SaOS2, and U2OS under exponentially growing conditions. The NDRG1/Cap43 expression was enhanced by vitamin D 3 in MG63 and U2OS, but not in SaOS2 (Fig. 3) .
NDRG1/Cap43 expression and invasiveness of osteosarcoma cells.
The in vitro invasion assay was designed to test whether the invasive potential of the tumor cells had any correlation with the NDRG1/Cap43 expression and cell differentiation in a Matrigel-coated transwell chamber. SaOS2 was found to have the greatest invasive potential among the three cell lines (data not shown), and therefore we used SaOS2 for the invasion assay in this study. We isolated SaOS2x1, SaOS2x2 and SaOS2x3 at each cycle of the invasion assay, and compared the expression levels of NDRG1/Cap43 in those cell lines. There was a markedly decreasing expression of NDRG1/Cap43 during the acquirement of the invasive potential by the SaOS2 cells. NDRG1/ Cap43 often showed two major bands: The upper band was phosphorylated and the lower band was relatively phosphorylated, as the treatment with phosphatase resulted in the almost complete disappearance of the upper band of NDRG1/ Cap43 (unpublished data). There was a much lower -7 mol/l) for 48 h, and the effects were analyzed using an MTT assay. * p<0.05, ** p<0.01. 2x10 5 ) were plated onto a coated filter in a Matrigel Invasion chamber. Migrated cells were collected after 24-h incubation, and were cultured under normal conditions. Subsequently, invasive cells were also incubated in the chamber for 24 h. This procedure was performed three times. A fraction of the cells was collected and examined for NDRG1/ Cap43 expression via Western blot analysis. Figure 5 . The effects of siRNA transfection on the expression of NDRG1/ Cap43 and p21 and the production of osteocalcin. Three human osteosarcoma cell lines constitutively expressing NDRG1/Cap43 siRNA, U2OS/si-1, U2OS/si-7 and U2OS/si-8, derived from human osteosarcoma U2OS cells, were established. The expression of the NDRG1/Cap43 protein was decreased in both the U2OS/si-1 and U2OS/si-8 cells compared to the U2OS/si-7 and the parental cells. The p21 protein was also suppressed in these cell lines (A), resulting in an increase in cell proliferation in the U2OS/si-1 and U2OS/si-8 cells (B). The osteocalcin protein level was determined using EIA kits. The production of osteocalcin was significantly suppressed by the decreased expression of NDRG1/Cap43 in U2OS/si-1 and U2OS/si-8 cells (C). Each value represents the mean concentration of osteocalcin ± SD. * p<0.05, ** p<0.01.
expression of the phosphorylated band of NDRG1/Cap43 in SaOS2x2 and SaOS2x3 compared to SaOS2 and SaOS2x1 (Fig. 4) .
Cell differentiation and NDRG1/Cap43 knockdown. In order to verify the relationship between the NDRG1/Cap43 expression and cell differentiation, we established two human osteosarcoma cell lines constitutively expressing NDRG1/ Cap43 siRNA, U2OS/si-1 and U2OS/si-8, derived from human osteosarcoma U2OS cells. The expression of the NDRG1/Cap43 protein was markedly down-regulated in both the U2OS/si-1 and U2OS/si-8 cells compared to their parental counterpart, U2OS/mock (Fig. 5A) . The U2OS/mock cells showed relatively the same levels of NDRG1/Cap43 as the U2OS cells (data not shown). Furthermore, the expression of the p21 protein was also down-regulated in both the NDRG1/Cap43 knockdown cell lines (Fig. 5A) . Cell proliferation rates were found to be significantly increased in U2OS/ si-1 and U2OS/si-8, compared to U2OS/mock (Fig. 5B) .
We also compared the differentiation between the NDRG1/Cap43-knockdown cell lines and their parental counterpart. As shown in Fig. 5C , the production of osteocalcin was significantly down-regulated by the NDRG1/ Cap43 knockdown in U2OS/si-1 (p<0.05) and U2Os/si-8 (p<0.01), indicating a close correlation between cell differentiation and NDRG1/Cap43 in osteosarcoma cells.
Discussion
In this study, we demonstrated that the NDRG1/Cap43 expression is increased concomitantly with the promotion of cell differentiation by vitamin D 3 in the two osteosarcoma cell lines, MG63 and U2OS. However, the NDRG1/Cap43 expression was not affected by vitamin D 3 , which failed to induce cell differentiation in SaOS2. Mahonen et al, have reported the differences between MG63 and SaOS2 in the response of type I collagen synthesis to vitamin D 3 (25) . Zehenter et al, have also reported that BMP-2 increases Sox9 mRNA levels in MG63 but not in other osteosarcoma cell lines (26) . The failure in the expression of both NDRG1 and osteocalcin in the SaOS2 cells could be due to the loss of function of the vitamin D 3 signaling, pathway including its cognate receptor. However, the precise mechanisms causing these three cell lines to show different responses to vitamin D 3 , is not clear.
We have previously reported that the gelatinolytic activity by matrix metalloproteinase-9 and the invasive ability during the Matrigel invasion, are both decreased in pancreatic cancer cell lines with a high NDRG1/Cap43 expression (27) . In this study, during the acquirement of the invasion activity by SaOS2, the expression of the NDRG1/Cap43 protein was markedly decreased, suggesting a close correlation between NDRG1/Cap43 and the invasive potential of osteosarcoma cells. However, Matrigel did not affect the invasion of MG63 at all (data not shown). This response was possibly influenced by the differences in the differentiation state of these cells: MG63 cells are considered to be early osteoblast-like cells, whereas SaOS2 cells are not as well differentiated as the MG63 cells. Furthermore, the upper band, corresponding to the phosphorylated NDRG1/Cap43, was markedly decreased in the SaOS2x2 and SaOS2x3 cells. The phosphorylation of NDRG1/Cap43 is mediated through SGK1 and GSK3, essential Ser/Thr kinase family proteins (28) . Further study is required in order to determine how the phosphorylation by these enzymes could be modified during the acquisition of invasiveness of osteosarcoma cells in Matrigel.
Kurdistani et al, have previously reported that the NDRG1/Cap43 expression was induced by wild-type-p53, and demonstrated a parallel increase in the expression of NDRG1/Cap43 and p21, and the CdK inhibitor in SaOS2 cells (4) . Based on these findings, we established two osteosarcoma cell lines, derived from U2OS, with a decreased NDRG1/Cap43 expression, in order to examine the relationship between the NDRG1/Cap43 and p21 expression and cell differentiation. p21 is involved in cell differentiation via the p53-independent pathway in various cell lineages including osteosarcoma (29) (30) (31) . In U2OS/si-1 and U2OS/si-8 with a decreased NDRG1/Cap43 expression, the p21 expression was down-regulated, resulting in enhanced cell proliferation compared to the parental cells. The production of osteocalcin was suppressed by the NDRG1/Cap43 knockdown. On the whole, our present study strongly suggests that NDRG1/ Cap43 plays a pivotal role in the cell differentiation of osteosarcoma cells in close association with p21.
In conclusion, we demonstrated that NDRG1/Cap43 contributed to the regulation of cell differentiation as well as cell proliferation by osteosarcoma cells. Furthermore, NDRG1/Cap43 also affects cell motility and invasion by osteosarcoma cells. NDRG1/Cap43 could be useful as a molecular target for the development of novel therapeutics against osteosarcoma.
